DESPITE ITS FUNDAMENTAL ROLE in red blood cell (RBC) physiology, little attention has been paid to the mechanisms that control carbonic anhydrase (CAII) expression in this cell type during embryonic and fetal development. Avian RBC synthesize only one CA isozyme (CAII), which in mature RBC is the second most abundant protein.
During the first 2 wk of embryonic development, CAII activity is low but increases sharply at day 14/15 of incubation (3) . The increase of CAII activity is timely coordinated to changes of blood PCO 2 . In chick embryos the blood PCO 2 level is initially low (Ͻ10 mmHg) and rises to about 40 mmHg in late development (32) because gas transfer across the egg shell and membranes is limited by diffusion, which causes both progressive hypercapnia and hypoxia (32) . The increase of CAII activity curbs to some extent the negative effects of the high PCO 2 on acid-base status of embryonic blood, which is important because respiratory acidosis can impair oxygen uptake by Hb in late development, with ensuing negative consequences for the oxygen supply under conditions of hypoxia.
Interestingly, hypoxia, which develops at the same time as hypercapnia, is the physiological stimulus for upregulation of RBC CAII synthesis in late development (3) . Hypoxia causes release of adenosine as well as norepinephrine (NE), which by binding to ␤-adrenergic and adenosine A 2 receptors stimulate cAMP production in embryonic RBC (10, 15) . In vitro, the cAMP signal induces coordinate changes of CAII synthesis and other RBC properties that affect oxygen transport by Hb (viz. organic phosphate pattern), and the effects of cAMP are identical to the changes in vivo induced by hypoxia (9-11, 15, 22) .
The PO 2 -dependent regulation of O 2 and CO 2 transport properties allows adaptation of the red cell function to the conditions specific for each individual embryo (18) . This is of advantage because huge interindividual differences exist in the diffusive properties of the egg shell and membranes, which directly affect the time course for developmental blood PCO 2 and PO 2 changes (26, 35, 36) .
Although the enzyme activities of RBC CAII during embryonic development are documented, data about the mRNA expression levels in embryonic RBC are lacking. In the present study, we have assessed the relative changes of caII mRNA levels during ontogeny between day 4 and day 19 . During this time, there is a complete switch in the composition of circulating erythroid cells from primitive polychromatic RBC (day 4) to mature definitive RBC [day 17 to day 19, (4, 29) ]. Immature definitive RBC normally enter the circulation around day 6 as postmitotic cells, which retain their transcriptional activity until day 16/17 (20, 33) . Therefore, the definitive RBC of midterm chick embryos are an excellent model to study signaling events that affect transcriptional activity in the penultimate stages of erythroid development. We tested under in vitro conditions the effect of receptor-mediated stimulation of cAMP production on the caII mRNA level and we determined the gene expression of caII in embryos subjected to experimental hypoxia. We could show that during embryonic development the increased CAII protein synthesis and activity are preceded by induction of caII mRNA. In vitro stimulation with cAMP-elevating agonists leads to a rapid and stable increase of caII mRNA levels in definitive as well as in primitive RBC.
By screening several erythroid genes we identified the heat-shock protein 70 (HSP70) as an additional gene that is induced by cAMP in definitive RBC. HSP70, which is an abundant protein in mature and immature RBC (1, 23) already has been described to be cAMP-responsive in other cellular systems (5, 27, 28, 31) . Because it is known for its ability to catalyze folding and unfolding reactions of proteins during protein synthesis and protein degradation processes, our findings suggest that cAMP modulates novel aspects of gene expression in late erythroid differentiation.
MATERIALS AND METHODS
Fertilized eggs of White Leghorn chickens were incubated at 37.5°C and 60% relative humidity in a commercial forceddraft incubator for up to 19 days of development. For acute hypoxia, the eggs were transferred after incubation for 10 days in air to 13.6% O 2 for an additional 20 h (incubator B5060 EK2; Herä us, Nü rnberg, Germany).
To obtain blood, a large extraembryonic vessel was cut and the effluent was aspirated and transferred to cold PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 , pH 7.4, at RT; after day 12 addition of 2 EU/ml heparin). The RBC were washed three times with cold PBS before use.
In vitro incubations. RBC of 11-day-old chick embryos were incubated for up to 16 h at 37°C in a gyratory water bath [cytokrit 4%, Ham's medium F10 (Seromed, Biochrom, Berlin, Germany), supplemented with 20 mmol/l HEPES, 10% fetal calf serum (FCS; Boehringer, Mannheim, Germany), pH 7.4, at 37°C] and varying agonists.
RNA isolation and analysis. RNA was isolated using the single-step method by acid guanidinium thiocyanate-phenolchloroform extraction (6) . All extractions were done at least in duplicate, and the extracted RNA amount varied less than 10%. We confirmed by control experiments that in the range of 5 and 150 g RNA, the recovery was 75-80% (data not shown). The RNA integrity and contamination with DNA was examined by agarose gel electrophoresis. In general, the preparations were without any visible DNA contamination. Between day 10 and day 15, the period when the cell population consist of immature definitive RBC, we extracted constant amounts of 10-14 g RNA/mg Hb.
Reverse transcription and PCR. All RNA samples to be compared on a given gel were reverse transcribed into cDNA at the same time. Denatured total RNA (5 g) was used as template in a 20-l cDNA synthesis reaction. The RNA samples were incubated with 100 pmol random d(N) 6 primers (Pharmacia, Freiburg, Germany) for 10 min at 60°C, chilled on ice, and incubated for 15 min at reverse transcription. Using a master-mix, per sample was added 1ϫ RT buffer [50 mM tris(hydroxymethyl)aminomethane (Tris) ⅐ HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 20 mM dithiothreitol (DTT), 0.5 mM each dNTP] and 200 U Superscript II RNase H-reverse transcriptase (GIBCO-BRL Life Technologies, Karlsruhe, Germany) followed by incubation at 42°C for 60 min and 70°C for 15 min. Aliquots (usually 10-50 ng RNA) of the cDNA reactions were analyzed for gene expression with the appropriate primers in 50-l PCR reactions (see Table 1 ). To reduce sample variability, all cDNAs to be analyzed on a given gel were amplified at the same time using a master-mix containing (per sample) 1ϫ reaction buffer (PAN systems, Nü rnberg), 1.5 mM MgCl 2 , 200 M each dNTPs, 10 pmol of each primer (MWG Biotech, Ebersberg, Germany; see Table  1 ), and 1.25 U PanScript DNA polymerase (PAN systems, Nü rnberg). PCR conditions were 94°C, 2.5 min followed by 18-26 cycles (depending on primers and expression level) of 50-60°C, 1 min; 72°C, 1 min; and 94°C, 1 min. To ensure that the conditions used were within the linear range of PCR amplification, aliquots of the reaction were removed at four increasing cycles and analyzed (see below). As an indicator that the PCR products were taken in the linear amplification range of the PCR, a control reaction was performed using five times the initial template amount at time 0 (t 0 ). The samples were analyzed on a 2% agarose gel stained with 0.5 g/ml ethidium bromide (EtBr). The EtBr fluorescence at 590 nm was analyzed with a video documentation system supplied with integrated software (Bioprint version 6.22; Vilbert Lourmat, Marne la Vallee, France). The fluorescence was quanti- 
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fied with the analysis software (Optimas 5.10; Optimas, Seattle, WA).
Northern blots. Per sample, 5 or 10 g of total RNA were separated by electrophoresis through a 1% agarose formaldehyde gel. After staining with EtBr, the RNA was transferred by capillary blotting with 10ϫ saline-sodium citrate (SSC) for 16-20 h onto a neutral nylon membrane (porablot NY amp, Macherey-Nagel, Dü ren, Germany). The transferred RNA was ultraviolet cross-linked and fixed by baking for at least 30 min at 80°C. The nonradioactive hybridization and luminescence detection procedure (anti Dig-antibody, substrate CDP-Star from Roche Molecular Biochemicals, Mannheim) follows the manufacturer's instructions with some modifications (12) . For reprobing, the blots were washed for 5 min in distilled water at room temperature. After equilibrating the membranes in 5ϫ SSC for 20 min, the probe was removed by a 2-min stripping in 0.1% SDS at 95°C.
Probe labeling. Digoxigenin-11-dUTP from Roche Molecular Biochemicals was used for labeling by PCR. The reactions were carried out according to the instruction provided by the manufacturer. For labeling cDNA of embryonic RBC, the primers of Table 1 were used.
Protein synthesis. To test the effect of NE and heat shock on RBC protein synthesis, cells of 11-day-old chick embryos were incubated with [
35 S]methionine (Ͼ1,000 Ci/mmol; ICN, Eschwege, Germany). Usually, 50 l packed RBC were incubated at 37°C in 400 l F10 medium with 20 mM HEPES in the presence of 10% FCS at pH 7.4, 1 M NE Ϯ 10 M propranolol. After 2 h, the medium was changed to methionine-free MEM(Ϫ) medium (GIBCO-BRL Life Technologies) with 20 mM HEPES, pH 7.4. After an additional 2 h, 25 Ci [ 35 S]methionine was added to each sample and the incubation proceeded for 2 h. The RBC were lysed in lysis buffer (5 mM Tris, 5 mM NaN 3 , 1 mM ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride) and centrifuged for 20 min at 13,000 g and 4°C. Aliquots containing 100 g Hb (determined by the cyanmethemoglobin method) of the supernatants were analyzed by SDS polyacrylamide gel electrophoresis according to Laemmli (19) . The gels were pretreated with Amplify (Amersham) and were exposed to X-ray film (Kodak Bio-Max MR, Amersham Life Science, Braunschweig, Germany) for 2-5 days at Ϫ80°C. For quantitative evaluation of the rate of nonglobin protein synthesis (Ͼ20 kDa), the gels of five different experiments were scanned for 3 h with an electronic autoradiography system (InstantImager, Packard Instrument, Meriden, CT).
Chemicals. Analytical grade reagents were purchased from Sigma Chemicals (Deisenhofen, Germany). NE, propranolol, and 5Ј-(N-cyclopropyl)-carboxamidoadenosine (CPCA) were obtained from RBI Biotrend (Köln, Germany).
RESULTS
Developmental gene expression of caII, ␤-globin, and s17. To determine the relative level of a mRNA species in embryonic RBC we used RT-PCR with equal amounts of RNA (see MATERIALS AND METHODS). The proper proceeding of the PCR reactions was monitored by examining the PCR-amplified products after four increasing cycle numbers by gel electrophoresis. Within the linear range of amplification the products were quantified. As expected from the developmental profile of the CAII enzyme activity (Ref. 3, Fig. 1B ), we found a rise of the caII expression level in the last third of development (Fig. 1A) . The first significant increase of the caII mRNA levels occurs at day 13 when the plasma NE concentration starts to rise (10) . At day 15 the message of caII peaks to about 1,000-fold the amount at day 10 (estimation by PCR dilution series, data not shown). After day 15/16, the mRNA levels decrease due to the transcriptional shut-down late in development (4, 20) while the CAII enzyme activity is still increasing. The slightly higher mRNA level of caII within the primitive RBC population (days 4 and 6) corresponds to the higher CAII enzyme activity found at these days (Ref. 3, Fig. 1B ). In addition, we determined the relative expression of ␤-globin and the small ribosomal protein S17 during development. The s17 expression shows no gross changes during the switch from primitive to definitive RBC and within the definitive population until day 15. The ␤-globin expression is a sensitive measure of the appearance of the first definitive RBC in the embryonic circulation at day 5-6. The expression already declines at day 15 when the caII expression is maximal. In conclusion, late in erythroid differentiation when the cellular RNA and dominant mRNA species like ␤-globin are already diminished, there is a selective induction and/or stabilization of the caII message in definitive embryonic RBC.
cAMP-dependent gene expression in embryonic RBC of day 11. To study gene expression in vitro in response to cAMP induction, we used immature definitive RBC of day 11. At this stage, the cells have low CAII enzyme activities. The activity can be increased in vivo by experimental hypoxia (3, 22) or in vitro by ␤-adrenergic or adenosine receptor activation via formation of cAMP (10, 15) . To assess the gene expression of caII, we used RT-PCR and Northern blot analysis. We determined the magnitude of changes in gene expression from RT-PCR data by comparing the PCR products of the incubated samples with the control at t 0 and with a second control PCR, which contained the fivefold amount of the control cDNA at t 0 . With aliquots of the cDNA of one original RNA sample, we performed several PCRs to screen the mRNA expression of interesting genes. Because the expression of the small ribosomal protein S17 (s17) and ␤-globin stays almost constant during the 4-h incubation period (Figs. 2 and 3), we used the expression level of these genes to verify the specificity of the induction of caII.
We assessed the expression levels after an incubation of day 11 RBC with 1 M NE for up to 4 h, with or Fig. 2 . Expression of caII, s17, ␤-globin, and hsp70 in embryonic RBC of day 11 (t 0 ) and during a 4-h incubation with 1 M norepinephrine (NE) Ϯ 10 M propranolol (P). A: PCR-products, stained with EtBr. B: relative EtBr fluorescences of the PCR products 5ϫ start level (t 0 ; F), NE ϩ P (OE), and NE (s). Control C, PCR without template; 5ϫ t 0 , PCR with 5 times the amount of cDNA used for t 0 (see also MATERIALS AND METHODS). Presented are the means Ϯ SD of 2-4 independent experiments. without the specific ␤-blocker propranolol. In the presence of 1 M NE, caII mRNA levels increased significantly after 30 min of incubation (Fig. 2) , whereas changes of CAII activity were not observed before 2 h of incubation (22) . The caII mRNA increased continuously during the 4-h incubation period, and the induction was suppressed by the ␤-blocker propranolol.
Because even millimolar concentrations of adenosine are degraded by embryonic RBC within minutes (8), we used the stable agonist CPCA for adenosine A 2 receptor activation (Fig. 3) . After 4 h of incubation, the induction of the caII mRNA was about as effective as in the presence of NE. Northern blot analysis confirmed the results obtained with RT-PCR (Fig. 3C) .
Because the induction of caII transcription is rather fast, we tested whether de novo protein synthesis is needed before transcriptional induction. Inhibition of protein synthesis with 50 M cycloheximide did not decrease caII mRNA expression during 1-h stimulation with NE (Fig. 4) . On the contrary, the induction of caII mRNA (about 20-fold after 1 h) seems more prominent in the presence of cycloheximide, indicating possibly a slight superinduction of caII. In conclusion, efficient induction of caII transcription by cAMP presumably requires protein phosphorylation rather than de novo protein synthesis.
Effect of in vivo hypoxia on caII expression. After day 6 of development, a premature increase of the erythroid CAII activity and protein synthesis is observed after acute hypoxic incubation of the embryos (3, 22) . To test the effect of acute hypoxia on caII mRNA, 10-day-old chick embryos were exposed to 13.6% O 2 for 20 h. The gene expression was determined in RBC of individual embryos by RT-PCR. As expected, we observe a prominent increase in the steady-state caII mRNA level of RBC from hypoxic embryos compared with the low level of the normoxic control group (Fig. 5 , Table 2 ). The differences in the magnitude of the response to hypoxia presumably reflect the interindividual differences of diffusive properties of the egg shell and membranes (26, 35, 36) .
hsp70 is a cAMP-regulated erythroid gene. As shown in this and in previous works (10, 15) , stimulation of embryonic RBC with cAMP stimulates the synthesis of several proteins aside from CAII (Fig. 6 ). In addition, we observe an overall increase of the rate of nonglobin synthesis by about 45%. relative EtBr-fluorescences of caII, s17, and hsp70. Presented are the means Ϯ SD of 3 independent experiments. C: Northern blot analysis. The blot was loaded with 5 g RNA per lane (1, t 0 ; 2, ϪCPCA; 3, ϩCPCA) and hybridized with probes specific for s17, caII, and hsp70 (n ϭ 2). Fig. 4 . Induction of caII is independent of new protein synthesis. Day 11 embryonic RBC were incubated for up to 1 h in the presence of 10 M NE and 50 M cycloheximide (CY). Northern blot analysis of 10 g RNA/lane hybridized with probes specific for s17 and caII (n ϭ 1). The result was confirmed with PCR (n ϭ 2, data not shown). Fig. 5 . Hypoxia induces caII expression in day 11 embryonic RBC in vivo. Eggs were either incubated in air for 11 days (normoxia) or they were transferred after 10 days to 13.6% O 2 for additional 20 h (hypoxia). The RNA was isolated from RBC of single chick embryos and RT-PCRs were performed with the erythroid RNA of 8 "hypoxic" and 8 "normoxic" embryos (see Table 2 ). Shown are the PCR products of caII and s17.
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In a first attempt to identify some of the induced proteins, we screened the RNA of cAMP-stimulated day 11 RBC for the expression of some known erythroid genes. Whereas the gene expression of S17, ␤-globin, transferrin receptor, GATA-3, histone H5, heat-shock factor-3, and heme oxygenase-1 was unresponsive to cAMP (n Ն 2, data not shown), we identified the HSP70, one of the major nonglobin proteins in chicken reticulocytes (23) , as a cAMP-responsive gene in definitive embryonic RBC. During a 4-h in vitro incubation of day 11 RBC, the hsp70 expression was increased significantly by either ␤-adrenergic or adenosine receptor activation with a similar time course of expression as observed for caII (Figs. 2 and 3) . The transcript size of hsp70 (about 2.6 kb; Fig. 3C ) agrees with published data (24) . We also tested the heat-shock response of gene expression for s17, caII, and hsp70 (Fig. 7) . As expected, only hsp70 mRNA showed a marked increase in expression after 30 and 60 min of heat shock at 45°C, whereas mRNA levels of caII and s17 remained unaffected. This suggests different modes of transcriptional control of hsp70 during heat shock and cAMP stimulation.
cAMP-dependent caII expression in primitive RBC. Because primitive RBC of younger embryos possess essentially the same functional cAMP signal transduction system as definitive RBC (2), we wanted to know whether primitive RBC from day 5 embryos regulate the transcription level of caII and hsp70 by cAMP. During in vitro incubation with 1 M NE, the primitive RBC upregulate their steady-state level of caII mRNA to about the same extent as definitive RBC (Fig. 8) . The lack of response to hypoxia at this day in vivo may be tied to insufficient formation of adenosine-NE. In contrast, the hsp70 expression level, which showed a substantial variability between the four cell pools analyzed, is not significantly altered by cAMP. To assess the presence of definitive RBC in the RBC sample from day 5 embryos, we checked expression of ␤-globin, which is specific for the definitive lineage. As expected, we observed almost no ␤-globin expression in day 5 RBC compared with the high erythroid expression level at day 11.
DISCUSSION
The study presents data that give evidence for the transcriptional activation of late erythroid genes, notably CAII, in response to a cAMP signal within a physiological context, the developing chick embryo. We could show that 1) the developmental profile of erythroid caII expression parallels the course of CAII enzyme activities and the rise of plasma NE concentration after day 13/14 of embryonic chick development, 2) the expression of caII is significantly upregulated in vivo by experimental hypoxia at day 10/11, a process that causes an earlier release of NE into the Mean relative ethidium bromide fluorescence of the PCR products Ϯ SD of the products was calculated. circulation, 3) a fast transcriptional activation of caII is obtained by in vitro incubation of embryonic definitive and primitive RBC with cAMP-elevating agonists, and 4) hsp70 is a further cAMP-regulated gene in definitive but not in primitive RBC of the chick embryo.
Throughout two-thirds of avian embryonic development, the circulating erythroid cells are not fully differentiated and accomplish very late maturation steps like mitochondrial and ribosomal degradation and complete nuclear shut-down in the last days before hatching (16, 20) . Furthermore, the immature RBC are able to respond to hormones produced by the embryo during hypoxia and they adapt their transcription pattern and RBC function to changing respiratory parameters (e.g., PO 2 ). Therefore, the circulating erythroid cells of the chick embryo combine constitutive processes of differentiation with adaptive processes on the level of gene expression, which allow a sensible reaction toward physiological changes in an environment that may impair the survival of the avian embryo.
Erythroid caII expression during embryonic chick development. In view of the known developmental profile of erythroid CAII activity, the present data of caII mRNA levels are an important supplement but not surprising per se. However, in contrast to ␤-globin, which is vital for oxygen transport and which is already fully transcribed in definitive RBC when they appear in the circulation, the caII mRNA expression is flexible and easily adjusted to changing physiological conditions. Under normal conditions, the induction of caII expression is initiated at day 13/14 and the mRNA level is maximal at day 15 ( Fig. 1) , which is close to the developmental stage when the transcriptional shutdown takes place (20) . On the other hand, the caII induction can be initiated at an earlier developmental stage either in definitive cells [by hypoxic incubation at day 10, see Fig. 5, (3, 22) ] or in primitive RBC (by in vitro incubation at day 5, see Fig. 8 ). In conclusion, cAMP-dependent caII induction shows remarkable flexibility with respect to the differentiation state of erythroid cells.
cAMP-dependent caII expression in primitive and definitive RBC. The induction of caII expression at day 11 can readily be initiated in vitro by activating the cAMP signal transduction system. The two characterized functional receptor systems [␤ 1 -adrenergic and adenosine A 2 receptors, (10, 15)] produce within minutes a huge and stable cAMP signal in primitive and definitive RBC (2), which in turn activates caII gene expression first visible 15 min after induction (Figs. 2  and 4) . The subsequent drastic further rise in expression leads to erythroid CAII activities that are comparable to activities observed in vivo (3, 22) , which underlines the validity of the processes of our in vitro model. Because protein synthesis is not required for transcriptional activation, we speculate that phosphorylation of the cAMP-responsive transcription factor cAMP-responsive element-binding protein is needed for promoter activation of caII.
In vivo, the first measurable increase in CAII activity during chronic hypoxia is found after day 6 when definitive RBC are already present in the circulation. In vitro, primitive RBC of day 5 can readily respond to the cAMP signal with an increase of caII mRNA. Thus the early avian embryo is not yet able to stimulate the production of NE or adenosine in response to hypoxia. However, both agonists are present at this developmental stage [NE in the yolk sac and embryo (17) ; adenosine is universally present]. For this reason, we assume that the hormones may have some role in primitive erythroid differentiation.
hsp70 as a cAMP-regulated erythroid gene. By screening the cAMP-dependent expression of several known erythroid genes we identified hsp70 as a cAMPinduced gene in definitive but not in primitive RBC. Like in other cellular systems, the gene expression is heat-shock sensitive in definitive RBC of day 11 (Fig.  7) . Whereas in definitive RBC the time course of cAMPdependent expression parallels exactly the induction of caII (Fig. 1) , primitive RBC failed to upregulate hsp70 by cAMP (Fig. 8) . Apparently, primitive RBC have a different mode or hierarchy of hsp70 regulation (but not for caII gene regulation), which is clearly distinct from definitive RBC.
The function of HSP70 during the differentiation of erythroid cells is obvious, because the reorganization and destruction of cellular organelles in late differentiation require extensive assistance in folding and unfolding of proteins. In addition, because we observe a significant increase of protein synthesis after cAMP stimulation in embryonic RBC (Fig. 6 ), HSP70 might also be needed for the folding of de novo synthesized proteins.
Perspectives cAMP regulates in a flexible manner the transcription of two late genes, CAII and HSP70, in definitive RBC of the chick embryo. Whereas CAII is a protein that is specific for proper erythroid function, HSP70 plays a mandatory role for the proper implementation of the specific cell functions. Apparently, the cAMP signal addresses a broad range of target proteins in erythroid cells. Future work should clarify to which extent cAMP-dependent signaling is also involved in other processes characteristic for late erythroid differentiation, viz. mitochondrial and ribosomal breakdown or nuclear condensation. We speculate, that hormonal activation via cAMP could speed up the last steps of RBC differentiation in embryonic development and/or in adult erythropoiesis.
